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This Letter reports an investigation on the optical properties of copper nanocubes as a function of size as
modeled by the discrete dipole approximation. In the far-ﬁeld, our results showed that the extinction res-
onances shifted from 595 to 670 nm as the size increased from 20 to 100 nm. Also, the highest optical
efﬁciencies for absorption and scattering were obtained for nanocubes that were 60 and 100 nm in size,
respectively. In the near-ﬁeld, the electric-ﬁeld amplitudes were investigated considering 514, 633 and
785 nm as the excitation wavelengths. The E-ﬁelds increased with size, being the highest at 633 nm.
 2012 Elsevier B.V. All rights reserved.1. Introduction
The strong interaction between the electromagnetic radiation
and metal nanostructures leads to the collective oscillation of the
conduction electrons, known as the surface plasmon resonance
(SPR) excitation [1,2]. The SPR excitation results in the absorption
and scattering (that are together referred to as extinction) of the
incoming electromagnetic radiation as well as the generation of in-
tense electric ﬁelds (E-ﬁelds) in the vicinity of the metal surface
[3–5]. The SPR excitation takes place at a characteristic frequency,
which is dependent upon many parameters including the nature of
the metal, its size, shape, structure (solid or hollow) and dielectric
constant of the environment [1,4,6,7]. Therefore, the control over
these parameters allows one to manipulate light at the nanoscale,
which is expected to play a key role in the development of future
devices and sensors integrating electronic, photonic, chemical
and biological features [7–10].
Although a variety of metals including lithium (Li), sodium (Na),
aluminum (Al), indium (In), galium (Ga), and copper (Cu) can sup-
port SPR resonances in the visible range, most studies on plasmon-
ics have been focused on silver (Ag) and gold (Au) [7,11,12]. This is
because Ag and Au nanostructures are stable under ambient condi-
tions. Also, many advances have been reported regarding their
shape and size controlled synthesis [13–16]. In this context, there
has been only a few reports regarding the plasmonic properties of
Cu nanostructures, as these materials are prone to surface oxida-
tion under ambient conditions [17–20]. Potential advantages of
their utilization include their lower costs (and higher abundance)
relative to either Ag or Au as well as its high conductivity, which
makes Cu the metal of choice in microelectronics [19]. In this con-
text, recent progress regarding the shape controlled synthesis of Cull rights reserved.
o).nanocubes with well-deﬁned sizes make the study of their plas-
monic properties very attractive [21,22]. For instance, the nano-
cube morphology has advantages over their nanosphere
counterparts as their sharp corners and edges enable a higher con-
centration of charges and thus the generation of larger electric
ﬁelds (relative to a sphere) as a result of the lightning rod effect
[23–26].
In this Letter, we perform a systematic theoretical investigation
on the optical properties of Cu nanocubes as a function of their
edge length by using the discrete dipole approximation (DDA).
Speciﬁcally, we ﬁrst focused on the far-ﬁeld properties (extinction,
absorption and scattering) of Cu nanocubes that were 20, 40, 60, 80
and 100 nm in edge length. Then, we investigated the near-ﬁeld
properties, i.e., the magnitude of the E-ﬁelds generated close to
their surfaces, as a function of both their size (20–100 nm in edge
length) and the wavelength of the incoming electromagnetic radi-
ation (514, 633 and 785 nm).
1.1. Methods
The discrete dipole approximation (DDA) is a method fre-
quently employed to calculate both the far-ﬁeld and near-ﬁeld
properties of metal nanostructures having arbitrary shapes and
sizes. In this treatment, the nanostructure, usually called ‘target’,
is described as a cubic array lattice of electric dipoles (N-point di-
poles) in which the polarizability and position vector of each dipole
are speciﬁed as ai and ri, respectively, where i ¼ 1;2; . . . ;N. The
polarization induced Pi in each particle in the presence of an ap-
plied plane wave ﬁeld is Pi ¼ aiEloc;iðriÞ, where the local ﬁeld
Eloc;iðriÞ is the sum of the ﬁeld radiated from all the other N  1 di-
poles. For a given wavelength k, the local ﬁeld can be written as
Eloc;iðriÞ ¼ E0 expðik  riÞ 
X
j–i
AijPj ð1Þ
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radiation. The contribution to the electric ﬁeld at position i due to
the dipole at position j is contained in the second term on the right
side of (1) and is usually expressed in terms of the dipole–dipole
interaction matrix A as
AijPj ¼ expðikrijÞr3ij
k2rijðrijPjÞþ1 ikrijr2ij
 r2ijPj3rijðrij PjÞ
h i( )
ðj¼1; 2; :::; N; j–iÞ ð2Þ
where rij and rij correspond to thedipole–dipole positiondifference vec-
tor andmagnitude that are deﬁned as ri rj and |ri rj|, respectively. If
Aij ¼ a1j , Eq. (1) can be transformed into a systemof 3N complex linear
equationswhose solutions yield theunknownpolarizationvectorsPj, in
terms of which the extinction and absorption cross sections can be
determined as
Cext ¼ 4pkjE0j2
XN
i¼1
ImðEloc;i  PiÞ ð3Þ
Cabs ¼ 4pkjE0j2
XN
i¼1
ImPi  ða1i ÞPi 
2k3
3
jPij2
( )
ð4Þ
where Im denotes the imaginary part of the expression in the brack-
ets, and ⁄ the usual complex conjugate symbol. Finally, one can
determine the cross section by
Csca ¼ Cext  Cabs ð5Þ
For the resolution of the 3N complex linear equations system
we used the free code DDSCAT 7.1 implemented by Draine and Fla-
tau [27–31]. The extinction efﬁciency, the absorption efﬁciency,
and the scattering efﬁciency factors are expressed as
Q sca ¼
Csca
pa2eff
;
Q ext ¼
Cext
pa2eff
and
Q abs ¼
Cabs
pa2eff
where aeff is the effective radius for the target volume deﬁned as
aeff ¼ ð3V=4pÞ1=3. The E-ﬁeld distributions for Cu nanocubes 20–
100 nm in edge length, and the extinction, absorption and scatter-
ing spectra in the 300–900 nm range were calculated using this ap-
proach. For the near-ﬁelds, the local electric ﬁeld distribution was
calculated considering a plane at a distance 2 nm away from the
metallic surface and [011] polarization (along a nanocube face
diagonal). The excitation wavelengths used is this investigation
were 514, 633, and 795 nm. For the cubic grid, we employed a spac-
ing of 1 nm for all nanocube sizes [5,32]. The near-ﬁelds were de-
scribed by a grid of 4.0  104 points in the xz plane, the dielectric
constants for Cu were obtained from the literature [33] and the
medium refraction index was 1.33 (water) in all cases.
2. Results and Discussion
2.1. Far-Field Analysis
We started our studies with the investigation of the far-ﬁeld
optical properties of Cu nanocubes as a function of size. Speciﬁ-
cally, we calculated the extinction, absorption and scattering spec-
tra for Cu nanocubes that were 20, 40, 60, 80 and 100 nm in edge
length, which are shown in Figure 1A–C. The extinction spectrum
(Figure 1A) for a Cu nanocube 20 nm in edge length presented aweak and relatively broad peak centered at 595 nm, which can
be assigned to a dipolar resonance mode in analogy to what has
been reported for Ag and Au nanocubes [32,34]. The presence of
a broad and weak resonance is this region is in agreement with
our previous results on Au nanocubes and is due to the optical
absorption (interband transition) of Cu at wavelengths <600 nm,
which damps the surface plasmon resonances in this region [32].
The SPR peak at 595 nm shifted to 604 and 607 nmwhen the nano-
cube edge length was increased to 40 and 60 nm, respectively.
Also, the optical efﬁciencies, which correspond to the ratio of the
energy scattered or absorbed by the nanoparticle relative to the en-
ergy incident on its physical cross section [17], increased as the
edge length varied from 20 to 60 nm. Interestingly, it has been re-
ported that Cu nanospheres 40 nm in diameter have low optical re-
sponses due to the matching of the SPR with the interband
transition region, which corresponds to 591 nm [17]. Here, our
results show that, even for a 20 nm nanocube, the SPR is fairly
shifted from the interband transition region. It has been estab-
lished that the plasmon peaks red shift for a nanocube relative to
a nanosphere of same size. This is because surface polarization
(charge separation) is an important factor that dictates the fre-
quency of plasmon resonance, as it provides the main restoring
force for electron oscillation [35]. For a nanocube, surface charges
tend to accumulate at their sharp corners, increasing charge sepa-
ration and reducing the restoring force for electron oscillation,
which in turn causes the red-shift of the resonance peak [6]. As
the size increases, charge separation also increase and the plasmon
peaks further red-shift. These features enabled the Cu nanocubes
to display plasmon resonances shifted away from interband transi-
tion regions. This gets more evident for nanocubes 40 and 60 nm in
size and it is manifested by the increase in the extinction optical
efﬁciencies. When the nanocube edge length was 80 nm, the dipo-
lar SPR resonance shifted to 634 nm and the extinction efﬁciency
reached its maximum value. When the nanocube size was
100 nm, although the dipolar plasmon resonance further red-shi-
fed to 670 nm, its optical efﬁciency decreased. Also, a shoulder
peak located at 610 nm assigned to a quadrupolar resonance
could be detected [34]. Here, the red-shift of the dipolar resonance
at larger sizes reduced its overlap with quadrupolar resonances,
allowing their observation as a shoulder in the calculated spectra.
These results are in agreement with the experimental UV–Vis spec-
tra recorded for Cu nanocubes as a function of size, in which a sig-
niﬁcant red shift of the SPR mode (from 565 to 625 nm) was
observed when the nanocube size was increased from 50 to
200 nm [21]. It is important to note that the small differences be-
tween the experimental SPR peak positions and our calculated val-
ues may be assigned to corner truncation observed in the
synthesized nanocubes [21,22].
Figure 1B and C show the calculated absorption and scattering
spectra, respectively, as a function of edge length. It can be ob-
served that the absorption (Figure 1B) increased when the size
was increased from 20 to 60 nm (where it was the highest), and
then decreased for nanocubes 80 and 100 nm in edge length. Con-
versely, the scattering optical efﬁciencies increased as the size var-
ied from 20 to 100 nm (Figure 1C). Figure 1D summarizes the
optical efﬁciencies calculated for extinction, absorption and scat-
tering processes as a function of edge length. While the maximum
for absorption and scattering were obtained for nanocubes 60 and
100 nm in size, respectively, the maximum for extinction was for
80 nm nanocubes.
2.2. Near-Field Analysis
After investigating the extinction, absorption and scattering
properties, we focused on the study of the local electromagnetic
ﬁeld amplitudes generated in the vicinity of the surface of Cu
Figure 1. UV–Vis extinction (A), absorption (B), and scattering (C) spectra calculated for Cu nanocubes that were 20, 40, 60, 80 and 100 nm in edge length (black, red, blue,
green and pink traces, respectively). In all cases, the incoming radiation was polarized along the [011] direction. (D) shows the variations in the calculated optical efﬁciencies
as a function of edge length for extinction (black line), absorption (red line) and scattering (blue line). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this Letter.)
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incoming electromagnetic radiation. Speciﬁcally, we focused on
nanocubes that were 20, 40, 60, 80 and 100 nm in edge length in
our E-ﬁeld calculations. Regarding the excitation wavelengths,
we focused on 514, 633 and 785 nm, which correspond to the
wavelengths generally employed in experimental surface-en-
hanced Raman scattering (SERS) measurements and represent a
reasonable array of values comprising the visible spectrum. More-
over, 514 nm is within the interband transition region of Cu while
633 and 785 nm are moderately and completely shifted away from
it, respectively. It is important to note that the local electric ﬁeld
around metal nanostructures that support surface plasmons has
a direct correlation with the detected ampliﬁcation of Raman sig-
nals in the SERS phenomena [7,12]. Also, it has been attracting
attention in areas such as plasmon enhanced or mediated cataly-
sis/photocatalysis [36,37], plasmon enhanced ﬂuorescence [38],
and the development of plasmonic solar cells [39].
It has been established that the near ﬁeld distribution over the
surface of a nanocube has a strong dependence over the polariza-
tion direction of the incoming electromagnetic wave, being higher
under the orientation in which the charges can be concentrated in
a smaller number of tips [23]. In this context, it has been reported
for Ag and Au nanocubes that the maximum ﬁeld enhancement
(|E|max) for polarization along the [011] direction (along a nano-
cube face diagonal) is higher relative to polarization along [010]
(along a nanocube edge) by 4 folds [23,32]. Consequently, for
the sake of a systematic investigation and comparison, we focused
herein only on calculations for polarization along the [011] direc-
tion. When 514 nm was employed as the excitation wavelength,the values for the near ﬁeld amplitudes were low and no pro-
nounced peaks for |E|max could be detected at the tips of the nano-
cubes, as illustrated in Table 1. This behavior can be assigned to the
strong optical absorption of Cu (interband transitions) in this re-
gion that damps the surface plasmon resonance.
Figure 2 shows the calculated E-ﬁeld contours for the Cu nano-
cubes 40, 60, 80 and 100 nm in edge length when 633 nmwas con-
sidered as the excitation wavelength. Under this condition, |E|max
were signiﬁcantly higher than those obtained at 514 nm. First,
the 633 nm excitation is red-shifted from the interband transition
region. Second, this wavelength is close to resonance with the SPR
peaks, which tends to maximize the plasmon excitation and thus
amplify the E-ﬁelds magnitude. Our results showed that |E|max in-
creased with nanocube size, corresponding to 6.6, 16.8, 33.7, 44.0,
and 45.7 for nanocubes 20, 40, 60, 80 and 100 nm in edge length,
respectively, as depicted in Table 1. These values indicate an in-
crease of 2.6, 5.1, 6.7 and 7.0 folds in |E|max, respectively, relative
to the 20 nm Cu nanocube. This is in agreement with the increased
resonance between the SPR peaks in the extinction spectra and the
633 nm excitation wavelength as the size varied.
When 785 nm was employed as the excitation wavelength (Fig-
ure S1), |E|max also increased with the nanocube size, correspond-
ing to 5.7, 5.8, 12.9 and 17.6 for nanocubes 20, 40, 60, 80 and
100 nm in edge length, respectively (Table 1). This represents an
increase of 1.8, 1.9, 4.2 and 5.7 folds relative to the nanocube
20 nm in edge length. Here, as the SPR peaks red shifted, they
got closer to resonance with the 785 nm excitation wavelength
and the E-ﬁelds increased. However, albeit 785 nm is further away
from the region of interband transitions, all |E|max values were
Table 1
Summary of the |E|max and |E|4max values calculated for Cu nanocubes that were 20–100 nm in edge length and employing 514, 633 or 785 nm as the excitation wavelengths. In all
calculations, the incident light is along the x-axis and the E-ﬁeld along the [011] direction.
Nanocube edge length (nm) Excitation wavelengths
514 nm 633 nm 785 nm
|E|max |E|4max |E|max |E|4max |E|max |E|4max
20 2.8 6.1  101 6.6 1.9  103 3.1 9.2  101
40 4.6 4.6  102 16.8 7.9  104 5.7 1.1  103
60 5.8 1.1  103 33.7 1.3  106 5.8 1.1  103
80 6.4 1.7  103 44.0 3.7  106 12.9 2.8  104
100 6.6 1.9  103 45.7 4.4  106 17.6 9.5  104
Figure 2. Electric ﬁeld enhancement contours for Cu nanocubes (A) 40, (B) 60, (C) 80, and (D) 100 nm in edge length employing 633 nm as the excitation wavelength. The
incident light is along the x-axis and the E-ﬁeld along the [011] direction. |E|max values in (A–D) corresponded to 16.8, 33.7, 44.0, and 45.7, respectively.
T.V. Alves et al. / Chemical Physics Letters 544 (2012) 64–69 67lower compared with those obtained at 633 nm excitation. This can
be assigned to the decreased resonance between the SPR peaks and
the excitation wavelength when 785 and 633 nm are compared.
Figure 3A summarizes the |E|max values as a function of wave-
length that were calculated under 514, 633, and 785 nm excita-
tions. For all nanocube sizes, 633 nm yielded the highest |E|max
values. For instance, for 633 nm excitation, |E|max for nanocubes
20, 40, 60, 80 and 100 nmwere 2.1, 2.9, 5.8, 3.4 and 2.6 folds higher
relative to 785 nm. Here, the highest increase was observed for
60 nm, which corresponds to the edge length where the resonancebetween the SPR peak and the incident wave was highest. In SERS
applications, the enhancement factor (EF) denotes the magnitude
of increase in the Raman scattering cross section when the mole-
cule is adsorbed to the substrate [7,12]. According to the electro-
magnetic mechanism of enhancement, the EF can be
approximated as being proportional to the fourth power of ﬁeld
enhancement at the nanoparticle surface [7,12]. Therefore, |E|4max
values enable us to gain insights, at least theoretically, into the
maximum SERS electromagnetic enhancement close to the surface
of the nanocubes. Figure 3B–D and Table 1 show the |E|4max values
Figure 3. (A) |E|max values as a function of edge length employing 514 (green line), 633 (red line) or 785 (black line) nm as the excitation wavelengths. (B-D) |E|4max values as a
function of edge length for 514, 633 and 785 nm excitations, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this Letter.)
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length as a function of the excitation wavelength. Under 514 nm
excitation (Figure 3B), an almost linear increase in |E|4max as a func-
tion of edge length was observed. In this case, |E|4max values varied
between 6.1  101 and 1.9  103 for nanocubes 20–100 nm in size
(30–folds increase). For 633 nm excitation (Figure 3C), |E|4max were
highest and varied from 1.9  103 to 4.4  106 from nanocubes 20–
100 nm in size (2339–folds increase). Here, instead of an almost
liner variation, a marked increase in |E|4max was observed in the
40–80 nm range, which corresponds to the region of increased rea-
sonance between the 633 excitation and the far ﬁeld extinction. Fi-
nally, at 785 nm excitation (Figure 3D), |E|4max varied from
9.2  101 to 9.5  104 for nanocubes 20–100 nm in size
(1030–folds increase). Similar to what was observed for 633 nm
excitation, a marked increase in |E|4max was observed in the
60–100 nm range due to increased SPR matching. Compared with
our previously reported results regarding Ag and Au nanocubes
[32], the optical properties of Cu nanocubes were similar to
those obtained for Au. In the far-ﬁeld, Cu nanocubes displayed
red-shifted and broader SPR peaks relative to Ag. In the near ﬁeld,
higher |E|4max values relative to Ag were obtained for all sizes
investigated when either 633 or 785 nm were employed as the
excitation wavelength.3. Conclusions
We described herein a systematic investigation of the far-ﬁeld
and near-ﬁeld optical properties of Cu nanocubes as a function of
their edge length by the discrete dipole approximation. Our far-
ﬁeld analysis shows that Cu nanocubes 20 nm in size displayed a
dipolar SPR peak at 595 nm that was weak and broad as a result
of plasmonic damping by interband transitions. As the nanocubesize increased, the SPR peaks red-shifted, becoming less damped
by interband transitions and displayed higher optical efﬁciencies.
While the highest optical efﬁciencies for absorption and scattering
were obtained for nanocubes 60 and 100 nm in size, respectively,
the maximum for extinction was for 80 nm nanocubes.
The magnitude of the E-ﬁelds generated close to the surface of
the nanocubes were investigated considering 514, 633 and 785 nm
as the excitation wavelengths and polarization along a nanocube
face diagonal. The maximum electric-ﬁeld amplitudes were ob-
tained when 633 nm was employed as the excitation wavelength
as a result of increased resonance with the SPR peaks in the far
ﬁeld. In this case, |E|max corresponded to 6.6, 16.8, 33.7, 44.0, and
45.7 for nanocubes 20, 40, 60, 80 and 100 nm in edge length,
respectively. Our data showed that not only size, but also the
wavelength of the incoming radiation, is important over the E-ﬁeld
amplitudes generated at the surface of Cu nanocubes. Together
with the recent advances in the shape-controlled synthesis of Cu
nanostructures, the results described herein can have important
implications in the utilization Cu nanocubes in plasmon related
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